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I.  vmmxmm 


Tbe  object  of  the  investigation  vas:  (l)  to  establish  ^  analytleal 
and  ejgperiaental  background  necessary  for  describing  a  gas-driven  Jet 
pump,  and  (2)  to  study  the  application  of  that  type  of  Jet  pusq^  tn  the 
rocket  engine  system.  Ihe  investigation  of  the  gas -driven  Jet  puaqp  vas 
initiated  in  1956,  at  the  Jet  Propulsion  Center,  Purdue  Ikii varsity. 

Figure  1  presents  a  block  diagram  of  the  Jet  punp  system  employed 
in  the  investigation.  A  liquid  and  a  gas  at  hlfd^  pressure  (^Ically 
yiO  psi  to  600  psl)  are  Introduced  into  a  bi-fluld  injectori  the  afore- 
mentianed  ccaqponants  of  the  resulting  two-phase  flow  are  terasd  the  drive 
liquid  and  the  drive  gas,  respectively.  Ihe  drive  liquid  flow  rate  is 
10  to  20  times  as  large  (by  weight)  as  the  drive  gas  flow  rate.  Ihe 
ratio  of  the  drive  gas  flow  rate  to  the  drive  liquid  flow  rate  is  termed 
the  mixture  ratio  of  the  drive  nossle  and  is  expressed  as  a  peroamtege, 

Ihe  two  drive  fluids  are  injected  into  the  entrance  of  a  cottvergitig- 
diverging  nossle,  termed  the  drive  nossle,  where  they  are  mixed  to  form 
a  high  pressure  (typically  900  pel),  two-phaea  mixtura*  9he  expeaaiom 
of  the  two<4baae  mixture  in  the  drive  nossle,  from  the  hi|h  pressure  to 
a  low  pressure  (typically  ambient),  produces  a  hi^  velocity  two-phase 
Jet  (900  fpe  to  800  fps)  at  the  exit  of  the  drive  nossle,  terswd  the 
drive  Jet.  Ihe  latter  then  enters  an  iaduetion-aeoelaratioo  device, 
termed  the  wherein  the  liquid  in  the  drive  Jet  impinges  on  the 

suction  liquid,  the  liquid  to  be  pumped,  and  transfers  momentum  to  the  suc¬ 
tion  liquid.  Ihe  mixture  of  drive  liquid,  suction  liquid,  end  seme  drive 
gas  entrained  in  the  liquid,  moving  at  a  velocity  of  approximately  390  fps. 
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enters  a  device  termed  the  aenarator  ehere  most  of  the  entrained  drive 
gas  is  removed  from  the  liquid  hy  a  process  of  centrifugal  separation. 
Ihe  essentially  gas-free  liquid,  still  at  a  high  velocity,  enters  the 
diffuser  therein  the  dynamic  pressure  of  the  flowing  fluid  is  converted 
to  static  pressure;  the  flow  is  then  discharged  from  the  Jet  pump.  A 
portion  of  the  discharged  liquid  is  cycled  back  to  the  bi-fluid  injector 
and  comprises  the  afore-mentioned  drive  liquid. 
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II.  ANALYSIS  OF  ZEE  CEARACTERISIICS 
OF  A  GAS>IStIVSN  JET  PUMP 

Uie  three  principal  characterlstles  enqployed  for  evaluating  the 
feasibility  of  applying  the  Jet  pump  to  a  rocket  engine  system  vere: 

(l)  the  theoretical  performance  and  the  gas  consumption,  (2)  the  capa¬ 
bility  of  punqplng  common  rocket  propellants,  euid  (3)  the  estimated  veight 
of  the  Jet  pump. 

(a)  Theoretical  Performance  and 
Gas  Consumption 

The  gas  consumption  of  a  pumping  system  is  defined  as  the  ratio  of 
the  mass  flow  rate  of  gas  used  in  the  Jet  pump  to  the  net  mass  flow  rate 
of  liquid  discharged  from  the  ^stem.  From  the  standpoint  of  wei^t 
limitations  lnqposed  on  a  flight  vehicle  enq^loying  a  geus-driven  Jet  pump, 
it  is  generally  desirable  to  minimize  the  gas  consumption. 

The  gas  consumption  of  a  gas-driven  Jet  puaqp  can  be  apporoximated 
from  the  folloving  relationship  (l).*  Ibus, 


^  ^  ‘  1  -h  1 

•Pp-Ps 

w 

Mp  !  ' 

vhere  the  oims  flow  rate  of  drive  gas, 

a 

>  the  mass  flow  rate  of  the  discharged  liquid, 

K  «  the  momentum  recovery  factor  of  the  Jet  punqp, 

*  Numbers  in  parentheses  refer  to  references  listed  in  the  back  of  the 
report. 
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s  the  discharge  pressure, 

Pg  »  the  suction  liquid  pressure  in  the  mixer, 

p^  a  the  pressure  at  the  injector  face  in  the  drive  nozzle, 

\!  =  the  molecular  weight  of  the  drive  gas, 

=  the  density  of  the  liquid,  and 
R  3  the  universal  gas  constant. 

The  magnitude  of  the  first  bracketed  e^qpression  in  Equation  1,  tezmed 
the  loss  factor,  depends  on  the  pump  losses.  In  the  analysis  of  the  Jet 
pump  the  momentum  recovery  factor,  K,  of  the  Jet  pump  is  equal  to  the 
product  of  the  momentum  recovery  associated  with  each  of  the  cooponents.* 
Thus, 

K  =  (2) 

Tfhere  K  >  the  momentum  recovery  factor  of  the  Jet  punp, 

3  the  velocity  recovery  factor  of  the  drive  nozzle  defined  to 
he  the  ratio  of  the  meMured  effective  nozzle  exit  velocity 
to  a  calculated  isentropic  exit  velocity, 

Kg  3  the  momentum  recovery  factor  of  the  mixer  defined  to  he  the 
ratio  of  the  momentuffl  of  the  liquid  entering  the  separator 
to  the  momentum  of  the  liquids  entering  the  mixer, 

=  the  mass  recovery  factor  defined  to  he  the  ratio  of  the  flow 
rate  of  liquid  entering  the  diffuser  to  the  flow  rate  of 
llqiiid  entering  the  mixer, 

*  An  analysis  based  on  taomentum  was  chosen  instead  of  one  based  on  energy 
since  the  analysis  based  on  momentum  proved  to  be  more  atnenable  to  ex¬ 
periment  . 
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«  the  velocity  recovery  factor  of  the  separator  defined  to  he  the 
ratio  of  the  velocity  of  the  liquid  leaving  the  separator  to 
the  velocity  of  the  liquid  entering  the  separator,  and 
Kq  a  the  efficiency  of  the  diffuser  defined  to  be  the  ratio  of  the 
static  pressure  rise  In  the  diffuser  to  the  dynamic  pressure 
of  the  liquid  entering  the  diffuser. 

Figure  2  presents  the  loss  factor  as  a  function  of  the  momentum  re¬ 
covery  factor,  K.  Values  of  K  less  than  0.4  are  of  little  practical 
Interest  and  the  value  of  K  >  1.0,  represents  the  leurgest  thermodynsmlcally 
possible.  It  can  be  seen  fros  Fig.  2  that  even  relatively  small  losses 
result  In  values  of  the  gas  consumption  which  are  many  times  the  minimum 
tbexmodynamically  possible.  If  K^,  Kg,  K^,  K^,  and  aure  each  equal  to 
0.9>  the  momentum  recovery  factor  of  the  Jet  pump  is  approximately  0.6. 
l^e  corresponding  loss  factor  is  ^.0;  and  the  gas  consumption  is  5  times 


the  thermodynamic  minimum. 

Itae  second  bracketed  expression  In  Equation  1  is  termed  the  pressure 
factor  and  Is  a  measure  of  the  effects  of  the  discharge  pressure,  p^^,  the 
suction  pressure,  p^,  and  the  nozzle  pressure,  Pj^,  on  the  gas  consumption. 
For  any  practical  Jet  pump  system  the  drive  gas  would  be  generated  in  a 
bootstrap  operation,  and,  therefore,  the  nozzle  pressure  would  be  less 


than  the  discharge  pressure.  The  gas  consumption  would  be  from  3  cent 


to  10  per  cent  larger  If  the  pressure  in  the  drive  nozzle  were  100  psi 
less  than  the  value  of  the  discharge  pressure  cosqpared  to  the  gas  con¬ 


sumption  if  the  nozzle  pressure  euid  discharge  pressure  were  equal.  Hence, 
bootstrap  operation  of  a  Jet  pump  does  not  Introduce  an  Intolerable  in¬ 


crease  in  the  gas  consumption. 
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Fig.  2.  Lott  Foctor  ot  a  Function  of  tho  Momentum  Rteovory 
Foctor 


The  third  bracketed  expression  in  Equation  1  presents  the  effect  of 
the  density  of  the  liquid^  0^,  the  molecular  weight  of  the  drive  gas,  W, 
and  the  equilibrium  temperature  of  the  tvo>phase  mixture  at  the  entrance 
to  the  nozzle,  t^^,  on  the  gas  consumption,  nieoretically.  Equation  1 
indicates  that  the  gas  consusqption  of  a  Jet  pus^  will  be  minimised  for 
fluid  property  effects  by  using  a  drive  gas  of  low  molecvilar  weight  to 
pump  a  liquid  with  a  large  density  at  the  hipest  feasible  temperature  of 
the  drive  liquid  flowing  through  the  drive  nozzle. 

(b)  Pumping  Propellants  with  a  Jet  Pinp 

Die  three  Important  characteristics  of  a  propellant  to  be  considered 
in  determining  the  possible  application  of  a  Jet  pump  to  a  rocket  engine 
system  are:  (l)  density,  (2)  vapor  pressure,  and  (3)  the  potential  for 
thermal  decomposition.  The  influence  of  density  of  the  propellant  on  the 
gas  consumption  was  discussed  in  the  last  paragraph  of  Section  II (a). 

If  the  magnitude  of  the  vapor  pressure  of  a  propellant  being  pumped 
is  comparable  to  the  pressures  encountered  durixig  the  expansion  of  the 
two-phase  mixture  in  the  drive  nozzle,  the  propellant  laay  vaporize  during 
the  expansion  of  the  two-phase  flow  in  the  drive  nozzle,  and  an  exces¬ 
sive  quantity  of  propellant  vapor  will  be  exhausted  from  the  system.  In 
soise  cases,  for  example,  with  cryogenic  propellants,  the  loss  of  vaporised 
propellant  may  be  as  important  a  criterion  of  the  system  performance  as 
the  gas  consusqytlon  (1)  (2)  (3). 

In  a  practical  Jet  pump  system  the  drive  gas,  idiich  is  at  hi^  pres¬ 
sure,  will  be  supplied  by  a  gas  generator  wherein  either  a  monopropellant 
is  decomposed  or  bipropellants  are  burned.  The  gas  temperature  may  range 
from  1000  F  to  2000  F,  and  the  internal  energy  Msoclated  with  the  hot 
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drive  gas  could  cause  undesirable  thermal  deconqposition  of  the  punqped 
propellant  in  the  drive  nozzle.  Two  possible  exasqples  of  the  foregoing 
situation  arise  when  hydrazine  and  hydrogen  peroxide  are  pumped  with 
their  own  decomposition  products. 

Figure  3  presents  the  theoretical  gas  consumption  and  vapor  loss  as 
a  function  of  the  discharge  pressure  for  hydrazine  pus^d  by  its  own  de¬ 
composition  products,  for  two  values  of  momentum  recovery  faictor:  K  »  0.8 
and  K  ■>  0.6.  It  can  be  seen  from  Fig.  3  that  the  gas  consumption  and 
vapor  loss  approximately  double  as  the  mcxnentum  recovery  factor  decreases 
from  0.8  to  0.6.  Although  the  afore-mentioned  curves  apply  to  hydrazine 
they  may  also  be  regsurded  as  typical  for  pumping  JP-3. 

Figure  U  presents  the  theoretical  gas  consumption  and  vapor  loss  as 
a  functi<»i  of  the  discharge  pressure,  p^^,  for  liquid  fluorine  and  liquid 
oxygen  using  gaseous  helium  as  the  drive  gas.  The  calculations  assume 
a  momentum  recovery  of  K  «  0.8.  The  curves  indicate  that  the  average 
vapor  loss  would  exceed  the  consumption  by  approximately  per  cent. 
The  lower  curves  of  Fig.  4  assusie  that  a  condenser  is  utilized  in  the  gas 
exhaust  system  to  reduce  the  vapor  loss;  the  practibility  of  employing 
such  a  condenser  system  hsts,  however,  not  been  evaluated. 

(c)  Weight  of  the  Qas-Driven  Jet  Pump 

Potentially,  the  gas-driven  Jet  pump  should  be  a  li^t  weljd^t  device. 
Except  for  the  components  of  the  pump  requiring  thick  sections  because  of 
complex  contours,  such  as  the  drive  nozzle  and  diffuser,  the  walls  of  most 
of  the  coiqponents  need  only  be  thick  enough  to  withstand  the  internal 
pressure.  If  several  pumps  are  arranged  in  an  array  for  acconqilishing  a 
desired  discharge  flow  rate,  the  additional  weight  of  the  manifolding  must 
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Fig.  3.  Theoretical  Got  Consumption  ond  Vapor  Lots  os  o  Function 
of  the  Discharge  Pressure  for  Hydrazine  Pumped  by  the 
Decomposition  Products  of  Hydrozine 
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Fig.  4.  Thtortticol  Gas  Consumption  and  Vopor  Loss  os  o  Function  of 
Dischorgt  Prossurt  for  Liquid  Fluorint  ond  Liquid  Oxygon 
Pumptd  by  Gosoous  Holium 


be  considered.  It  is  estimated  that  the  specific  weight  of  a  gas-driven 
Jet  pvmqp  would  be  approximately  0.3  to  0.4  lb  per  pound  of  propellant 
pumped  per  second;  this  compares  favorably  with  turbopump  designs  (1). 

Figure  5  illustrates  schematically  the  installation  of  a  gas-driven 
Jet  pump  in  a  rocket  engine  systm. 


Fig.  5.  Instollotion  of  a  6ot-Oriv«n  Jot  Pump  in  o  Rockot  Engino 
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III.  ANALYTICAL  AND  EXPERIMENTAL 
INVESTIGATION  OF  THE  COfPONENT  PROCESSES 

The  five  principal  processes  occurring  in  the  gas-driven  Jet  pump 
cycle  are:  (l)  the  atomization  of  the  drive  liquid  by  the  bl-fluld  in¬ 
jector  to  produce  a  tvo-jdiase  mixture  at  the  entrance  of  tie  drive  nozzle, 
(2)  the  expansion  of  the  two-phase  mixture  in  the  drive  nozzle,  (3)  the 
transfer  of  momentum  from  the  drive  liquid  to  the  suction  liquid  in  the 
mixer,  (4)  the  separation  of  the  drive  gas  entrained  in  the  liquid  in  the 
separator,  and  (3)  the  recovery  of  the  liquid  and  the  conversion  of  its 
dynamic  pressure  into  static  pressure  in  the  diffuser. 

The  analytical  investigation  of  the  above  component  processes  was 
directed  toward  the  following:  (l)  determining  which  of  several  possible 
methods  for  accomplishing  a  process  would  yield  the  maximum  recovery  of 
momentum,  and  (2)  establishing  an  analytical  description  for  that  method. 

The  experimental  investigation  of  the  component  processes  was  directed 
toward  determining  the  following:  (l)  the  optimum  geometric  configuration 
of  the  components,  and  (2)  the  flow  characteristics  of  the  cosq^nent  pro¬ 
cesses  . 

(a)  Ihe  Injector 

An  ideal  bl -fluid  injector  for  a  drive  nozzle  would  perform  the  fol¬ 
lowing  functions:  (l)  distribute  the  drive  liquid  and  the  drive  gas  uni¬ 
formly  aicross  the  entrance  of  the  drive  nozzle  in  the  form  of  a  two-phaae 
mixture,  and  (2)  disperse  emd  atomize  the  drive  liquid  with  the  minimum 
loss  in  total  pressure  for  each  fluid.  The  formation  of  the  two-pbase 
mixture  and  the  dispersion  euid  atomization  of  the  drive  liquid  is  most 
readily  achieved  by  increasing  the  differential  pressure  with  which  the 
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drive  gas  Is  injected.  Large  differential  pressures^  however,  lead  to  in¬ 
creased  total  pressure  losses  for  both  the  gas  and  the  liquid  and  require 
excessive  discharge  pressures  from  the  pump,  conditions  which  are  incom¬ 
patible  with  achieving  a  low  value  of  gas  consumption. 

Figure  6  presents  photographs  of  three  configurations  of  bl-fluld  in¬ 
jectors  employed  in  the  experimental  Investigation.  The  three  configura¬ 
tions  represent  (A)  twin-fluid  atcmiizatlon,  (b)  pre-mixing,  and  (C)  paral¬ 
lel  streams. 

Ihe  experimental  results  indicated  that  the  velocity  recovery  factor 
for  the  drive  nozzle  was  Insensitive  to  the  injector  configuration,  pro¬ 
vided  that  the  streams  of  drive  liquid  did  not  flow  into  the  throat  regioa 
of  the  drive  nozzle  before  they  disintegrated  into  droplets.  The  size  of 
the  droplets  at  the  exit  from  the  drive  nozzle  was  influenced  by  the  in¬ 
jector  configurations  (h),  i.e.,  varying  inversely  to  the  size  of  the 
droplets  present  in  the  converging  section. 

(b)  The  Drive  Bozzle 

There  are  three  limiting  cases  pertinent  to  the  two-phase  flow  of  a 
gas  and  liquid  in  the  drive  nozzle  that  can  be  Investigated  analytically 
in  a  simple  manner  (l).  They  are:  (l)  isentroplc  flow  with  no  internal 
temperature  difference  (infinite  heat  transfer  coefficient  between  phases), 
(2)  isentroplc  flow  with  no  internal  heat  transfer,  and  (3)  sepaurate  ex* 
pension  of  the  two  fluids  and  then  mixing.  Figure  7  presents  the  theoreti¬ 
cal  exit  velocities  from  the  drive  nozzle  as  a  function  of  the  mixture 
ratio,  for  the  three  afore -mentioned  limiting  cases,  for  two-phase  mixtures 
of  air  and  water.  It  can  be  seen  from  Fig.  7  that  an  expansion  occurring 
with  no  internal  temperature  difference  between  the  phases  will  result  in 
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the  highest  exit  velocity  for  a  tiro-phase  air  and  water  mixture.  Ibe  same 
result  is  applicable  to  the  expansion,  in  the  drive  nozzle,  of  any  non- 
cryogenlc  liquid  where  the  Initial  temperatures  of  the  two-phases  are 
conpeurable  (2).  The  criterion  for  preferring  one  type  of  expansion  to 
another  is  the  achievement  of  the  maximum  kinetic  energy  per  unit  mass 
of  the  drive  liquid  at  the  exit  of  the  drive  nozzle,  with  all  of  the 
other  variables  held  constant. 

Figure  7  shows  that  the  case  of  separate  exipansion  plus  mixing  is 
the  least  desirable  process  for  transferring  momentum  to  the  drive  liquid; 
it  yields  the  smallest  exit  velocity  for  the  two-phase  mixture  of  the 
three  types  of  expansion  considered.  For  that  reason  the  process  in¬ 
volving  separate  expansion  plus  mixing  was  not  investigated  experimentally. 

Another  method  of  analysis  of  the  two-]^se  flow  in  the  drive  nozzle 
that  is  Independent  of  limiting  cases  was  investigated.  It  was  developed 
from  simplified  models  of  the  dynamics  of  the  flow  of  a  single  droplet  of 
liquid,  hereafter  tensed  droplet  flow,  in  eua  esqpanding  gas  (4) .  Ibe 
analysis  considers  the  effects  of  the  drag  of  the  gas  on  the  liquid  drop¬ 
lets,  the  secondazy  break-up  of  the  liquid  droplets,  the  geometric  char¬ 
acteristics  of  the  drive  nozzle,  and  empirical  relations  for  the  thermal 
interactions  between  the  gas  and  liquid  biases.  Experimental  data  were 
employed  for  taking  into  account  the  afore -mentioned  effects  in  the  analy¬ 
sis.  The  results  obtained  represent  a  semi-quantitative  calculation  of 
the  variation  of  the  {base  velocities,  droplet  radius,  and  static  pressure 
as  functlcxiB  of  the  axial  distance  along  the  drive  nozzle. 

None  of  the  results  predicted  by  the  foregoing  methods  of  analysis 
were  in  consistent  agreement  with  the  corresponding  experimental  results. 
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In  general,  the  tvo  analyses  based  on  isentropie  conditions  were  employed 
as  a  standard  of  performance  for  the  experimental  drive  nozzles.  The  re¬ 
sults  of  the  non-lsentroplc  anc^ysls  derived  from  the  simplified  models 
of  droplet  flow  were  satisfactory  for  correlating  the  Indicated  variations 
of  droplet  radius  in  the  drive  Jet  (U). 

Figure  8  presents  a  sectional  drawing  of  an  experimental  drive  nozzle. 
All  of  the  drive  nozzles  eBg)loyed  in  the  experimental  investigation  of 
drive  nozzle  performance  incorporated  a  converging-diverging  contour.  In 
all,  fifteen  experimental  drive  nozzles  were  investigated. 

Ihe  effects  of  changes  in  the  following  three  principal  design 
variables  were  studied:  (a)  length  of  the  drive  nozzle,  (b)  injector 
configuration,  and  (c)  contour  of  the  drive  nozzle. 

During  the  course  of  the  experiments  the  length  of  the  drive  xiozzle 
was  varied  from  2  in.  to  9  in.,  and  the  flow  rate  from  a  few  tenths  of  a 
pound  per  second  to  20  lb  per  sec.  The  velocity  recovery  factor  was  de- 
tezmlned  with  both  non-cryogenlc  and  cryogenic  liquids.  The  results  in¬ 
dicated  that  the  short  drive  nozzles,  with  lengths  of  approximately  2.0  in., 
had  the  smallest  velocity  recovery  factors;  varied  from  0.6  to  0.7. 

Ihe  low  values  of  the  velocity  recovery  factors  were  attributed  to  "slip¬ 
page"  of  the  droplets  of  the  drive  liquid  in  the  drive  gas  because  of  the 
hi^  acceleration  transients  (approximately  50,000  g's  to  100,000  g's)  oc¬ 
curring  in  the  throat  regions  of  the  short  drive  nozzles. 

In  the  case  of  the  drive  nozzles  with  lengths  between  3*0  and 
8.0  inches  the  velocity  recovery  factor  varied  between  approximately  0.77 
and  0.83,  when  the  injector  was  designed  to  produce  a  uniform  distribution 
of  both  phases  over  the  face  of  the  injectors,  the  gas  and  liquid  being 
divided  into  kO  to  150  separate  streams  depending  on  the  particular 
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configuration.  With  coaxial  Injection  of  the  two-phases,  that  is,  with  a 
twin-fluid  atomizer,  it  was  found  that  the  relative  velocity  between  the 
hlcfher  velocity  drive  gas  euid  the  lower  velocity  drive  liquid,  at  the 
injector  face,  had  to  exceed  a  certain  minimum  value  for  the  velocity  re¬ 
covery  factor  to  attain  values  in  the  range  between  0.77  a&d  0.83*  Ap- 
peurently,  when  the  relative  velocity  was  smaller  than  the  afore -mentioned 
minimum  value,  the  streams  of  drive  liquid  were  Insufficiently  atomized 
for  achieving  adequate  mixing  of  the  two  phases.  Accordingly,  the  momentum 
transfer  from  the  gas  to  the  drive  liquid  was  small  during  the  initial 
jdiase  of  the  expansion  process  in  the  converging  section  of  the  nozzle, 
so  that  unusually  large  acceleration  transients  occurred  in  the  throat 
region. 

In  some  cases,  it  was  possible  to  raise  the  value  of  velocity  re¬ 
covery  factor  of  the  drive  nozzle  by  increasing  the  rate  of  contraction  of 
its  converging  portion;  that  is,  by  shortening  the  converging  portion  for 
a  fixed  ratio  of  nozzle  inlet  area  to  throat  area.  As  a  consequence,  the 
static  pressure  along  the  converging  portion  decreased  more  rapidly,  and 
also  the  differential  pressure  between  the  injector  face  auid  the  nozzle 
throat  was  Increased,  all  other  'rariables  remaining  constant.  Itae  afore¬ 
mentioned  variation  of  static  precsure  indicated  a  more  rapid  decomposi¬ 
tion  of  the  streams  of  drive  liquid  and  a  subsequent  increMe  in  the 
amount  of  momentum  transferred  frcmi  the  drive  gas  to  the  drive  liquid  in 
the  converging  section,  thus  increasing  the  velocity  recovery  factor. 

In  the  expansion  of  a  two-phase  mixture  of  a  cryogenic  liquid  and  a 
gas  the  two  fluids  are  essentially  at  the  same  temperature  during  ex¬ 
pansion;  that  is,  they  sure  in  thermal  equilibrium  (2)  (3)«  For  a  cryo¬ 
genic  liquid  used  in  conjunction  with  a  hot  drive  gas,  thermal  equilibrium 
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during  the  expansion  results  In  the  lowest  value  of  specific  kinetic  energy 
of  the  drive  liquid  at  the  exit  of  the  drive  nozzle.  If  the  drive  gas  is 
condensible  In  the  drive  liquid,  at  the  temperature  of  the  drive  liquid 
and  the  range  of  pressures  occurring  in  the  drive  nozzle,  condensation  of 
the  gas  will  occur  during  the  expeuision  process.  For  example,  the  experi¬ 
ments  with  gaseous  nitrogen  as  the  drive  gas  showed  that  the  nitrogen  gas 
condensed  when  liquid  nitrogen  was  used  as  the  drive  liquid.  Ilhesmal 
equilibrium  during  the  expansion  of  a  two-phase  mixture  of  liquid  nitrogen 
(-305  F),  and  gaseous  helium  (3OF)  gives  a  velocity  recovery  factor  of 
approximately  75  per  cent  based  on  no  heat  transfer,  vtich  represents  the 
most  desirable  type  of  expeuxslon  for  achieving  the  maximum  specific  kinetic 
energy  for  the  drive  liquid.  For  the  mixture  of  liquid  nitrogen  (-305  F) 
and  gaseous  nitrogen  (50  F),  the  velocity  recovery  factor  was  53  pez*  cent 
based  on  no  heat  transfer.  The  reduction  in  the  velocity  recovery  factor 
with  liquid  nitrogen  as  the  drive  liquid  from  75  per  cent  with  gaseous 
helium  as  the  drive  gas  to  55  per  cent  for  gaseous  nitrogen  as  the  drive 
gas,  illustrates  the  undesirable  influence  of  the  condensation  of  the  drive 
gas  In  the  drive  liquid. 

The  variation  in  the  average  size  of  the  droplets  of  the  drive  liquid, 
in  two  or  more  drive  Jets  was  Indicated  by  correspondixig  changes  in  the 
flow  rate  of  drive  liquid  captured  by  a  fractionating  probe  submerged  in 
the  drive  Jets  (4).  The  average  size  of  the  droplets  of  the  drive  liquid 
in  the  drive  Jet  was  indicated  as  being  a  complicated  function  of  the 
characteristics  of  the  injector,  the  contour  and  length  of  the  drive  noz¬ 
zle,  and  the  mixture  ratio.  The  experimental  data  obtained  with  the  frac¬ 
tionating  probe  combined  with  the  results  of  analytical  calculations 
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indicated  that  the  surface  mean  diameters  of  the  afore>mentioned  droplets 
ranged  between  approximately  0.0005  in.  and  0.005  in*  7he  calculated  sur¬ 
face  mean  diameters  of  the  liquid  droplets  formed  in  the  converging  section 
of  the  drive  nozzle  by  the  twin-fluid  atomizing  injectors  were  approximately 
0.040  in.  Ihus,  the  surface  mean  diameter  of  the  droplets  appealed  to  de¬ 
crease  by  a  factor  of  approximately  10  to  80  during  the  expansion  of  the 
two-phase  mixture  in  the  drive  nozzle.  A  more  complete  discussion  of  the 
flow  of  a  two-phase  mixture  in  a  drive  nozzle  is  presented  in  references  (l) 
(2)  (3)  (4). 

It  appears  that  the  near  optimum  drive  nozzle  for  a  Jet  pump  is  one 
having  a  contour  and  length  such  that  the  velocity  recovery  factor  would 
be  a  maxlmvm  when  the  injector  produces  liquid  droplets  in  the  converging 
section  of  the  nozzle  having  a  mean  diameter  of  the  same  order  of  magnitude 
as  that  for  the  droplets  in  the  drive  Jet.  Ihe  optimum  operating  point 
for  a  drive  nozzle  will  depend  on  the  operating  point  and  the  overall 
design  of  the  Jet  pvsq). 

(c)  Bxe  Mixer 

nie  investigation  of  the  characteristics  of  the  mixer  was  divided  into 
the  following  two  principal  phases:  (1)  the  experimental  detezmlnatloi  of 
a  satisfactory  geometry  for  the  mixer,  and  (2)  the  investigation  of  the 
process  of  momentum  transfer  from  the  drive  liquid  to  the  suction  liquid. 

The  Idesil  mixer  for  a  Jet  pump  appeaurs  to  be  a  channel  wherein  the 
drive  liquid  and  the  suction  liquid  mix  in  a  free-stream  flow.  An  actual 
mixer,  however,  because  it  is  necessary  that  the  suction  liquid  be  distri¬ 
buted  unifomly  in  the  drive  Jet,  requires  a  surface  for  accooqplishing 
the  mixing  process.  Aiy  surface,  of  course,  leads  to  frictional  losses, 
and  consequently,  reduces  the  momentum  recovery  factor. 
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Uie  design  of  an  optimum  surface-type  mixer  is  not  solely  a  function 
of  its  geometry^  but  one  must  consider  simultaneously  the  characteristics 
of  the  drive  nozzle,  the  geonetzy  of  mixer  and  the  separator  as  a  unit, 
and  the  method  employed  for  injecting  the  suction  liquid  into  the  mixer. 
When  all  of  the  afore -mentioned  factors  are  considered,  the  optimum 
geonetzy  of  a  mixer  surface  is  the  one  that  maximizes  the  product  of 
(a)  the  momentum  recovery  factor  of  the  mixer,  (b)  the  velocity  recovery 
factor  of  the  separator,  and  (c)  the  mass  recovery  factor  evaluated  at 
the  diffuser. 

Figure  9  Illustrates  five  configurations  of  experimental  mixers  that 
were  investigated,  together  with  one  which  is  deemed  to  be  the  optimum 
surface  configuration  for  a  mlxen  Experiments  by  Elliott  indicated  that 
a  15  deg  half -angle  for  the  surface  of  the  mixer  gave  the  maximum  recovery 
of  momentum  (l).  Mixer  types  A,  B,  and  C  (in  Fig.  9)  vere  desiffied  for 
operation  in  conjunction  with  an  annular  diffuser,  whereas  types  D,  E, 
and  F  for  operation  in  conjunction  with  a  conical  diffuser.  From  the 
experimental  results  obtained  with  mixer  liypes  A  through  E,  it  appears 
that  the  optimum  geometry  is  one  with  a  concave  surface  that  curves  to¬ 
ward  a  conical  diffuser;  the  radius  of  curvature  of  the  mixer  surface 
would  depend  upon  the  configuration  and  dimensions  of  the  drive  Jet,  and 
also  upon  the  method  employed  for  injecting  the  suction  liquid.  No 
cmalytical  description  of  the  interdependence  of  the  factors  Just  des¬ 
cribed  has  been  established.  A  conical  mixer.  Identical  to  type  0  in 
Fig.  9,  wsis  enq>loyed  in  the  investigation  of  the  momentvn  transfer  from 
the  drive  liquid  to  the  suction  liquid  (^).  No  separator  followed  the 
mixer;  instead  an  annular  capture  slot,  the  width  of  which  could  be 
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Five  Configurotions  of  Experimental  Mixers  and  the  Proposed  Optimum 
Configuration  for  a  Surfoce  Type  Mixer 


varied,  was  located  at  the  exit  of  the  mixer.  The  results  of  the  experi¬ 
ments  indicated  that  the  meem  velocity  of  the  flow  evaluated  at  the 

s 

Mg  is  the  suction 

liquid  flow  rate,  and  the  drive  liquid  flow  rate),  and  directly  with 
the  nozzle  mixture  ratio  Mq/m^.  The  mass  recovery  of  the  combined  flow 
rates  of  suction  liquid  and  drive  liquid  was  approAlmately  80  per  cent 
for  a  capture  slot  width  of  0.123  in* ;  the  ratio  of  the  volume  of  entrained 
drive  gas  to  volume  of  liquid  was  in  the  ratio  of  4  to  1. 

Figure  10  presents  representative  curves  of  the  local  effective  density 
and  the  local  effective  velocity  of  the  flow  on  the  mixer  as  a  function  of 
the  width  of  the  capture  slot,  as  determined  at  the  capture  slot.  It  is 
seen  that  the  density  of  the  two-phase  mixture  decreases  rapidly  with  s, 
until  approximately  s  =  0.01  in.  Thereafter,  the  density  remained  con¬ 
stant  until  s  »  0.03,  the  limit  of  measurement.  Figure  10  shows  that  the 
effective  velocity  of  the  two-^diase  mixture  attains  a  value  at 

8  -  0.008  in.;  thereafter  the  velocity  decreases  with  increasing  values  of 
8.  There  is  reason  to  believe  that  the  velocity  of  the  flow  within  ap¬ 
proximately  0.003  in.  of  the  mixer  surface  is  approximately  equal  to  the 
injection  velocity  of  the  suction  liquid  (3). 

A  simplified  flow  model  for  the  mixer  is  one  comprising  two  principal 
regions  (l)  the  free-stream  drive  Jet  wherein  the  drive  liquid  is  suspended 
as  droplets  in  the  drive  gas,  and  (2)  the  region  within  approximately 
0.060  in.  of  the  surface  of  the  mixer  where  the  liquid  is  assumed  to  be 
substantially  the  continuous  phaise  but  contains  bubbles  of  entrained  drive 


capture  slot  varied  inversely  with  the  Mq/M.  ratio  (where 


Fig.  10.  Eff«ctiv«  Velocity  ond  Density  ProfilM  ot  the  Copture 
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To  predict  the  Inplngement  characteristics  of  the  droplets  a  sloq^li* 
fled  form  of  the  mechanics  of  suspensions  can  he  applied  to  it.  The  tvo* 
phase  flow  in  the  second  region  can  be  treated  as  a  single  fluid  vlth 
position  dependent  properties.  Moreover,  since  the  local  acoustic  velocity 
at  any  point  in  the  two-i^se  flow  in  the  second  region  has  a  low  value, 
approximately  73  fps  (6)  (7),  the  flow  may  be  treated  as  a  supersonic 
flow  wherein  the  local  Mach  number  varies  from  zero  at  the  surface  of  the 
mixer  to  possibly  eight  at  the  point  ^dtere  the  velocity  of  the  twD>phase 
flow  is  a  maximum.  In  both  of  the  afore -mentioned  regions  the  flow  is 
characterized  by  a  high  intensity  of  turbulence. 

The  momentum  recovery  factor  for  the  mixer  was  determined  ejqperi- 
mentally  for  the  mixer-types  A  through  D,  illustrated  in  Pig.  9* 
momentum  recovery  was  found  to  increase  gradually  from  a  value  of  approxi¬ 
mately  Kg  ==0.7  for  no  suction  liquid  flow  to  a  value  between  0.9  end 
0.93  for  ratios  of  suction  liquid  flow  rate  to  drive  liquid  flow  rate  of 
approximately  O.3  and  larger. 

(d)  The  Separator 

Figure  11  presents  photogra^s  of  two  types  of  ejqperlmsntal  sepcurators 
that  were  investigated,  the  separators  were  formed  from  a  circular  section 
of  a  toroidal  surface.  A  radial  acceleration,  varying  from  approximately 
10,000  g  to  30,000  g  was  impressed  on  the  two-phase  mixture  flowing 
through  the  sepaurator  inducing  the  separation  of  the  entrained  bubbles 
of  drive  gas  from  the  two-phase  mixture.  Another  function  of  the  separator 
was  the  recovery  of  the  liquid  before  the  flow  entered  the  diffuser. 

An  analyticed  criterion  was  established  for  defining  the  ideal 
sepaurator.  The  criterion  chosen  was  the  time  required  for  separating 
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Fig.  11  Two  Configurations  of  Expsrimsntai  Ssporotors 
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a  single  bubble,  having  a  specified  initial  radius  vhen  adjacent  to  the 
surface  of  the  separator,  from  a  film  of  liquid  of  specified  thickness, 
assuming  the  flow  to  be  one-dimensional.  The  time  of  separation  so 
calculated  represented  the  minimum  or  ideal  time. 

The  analytical  relationships  for  calculating  the  ideal  time  of  separa 
tion  contained  the  following  ei^t  principaCL  variables  influencing  the 
ideal  separation  process :  (1)  the  velocity  of  the  liquid  film,  (2)  the 

density  of  the  liquid  film,  (3)  the  i  dtlal  diameter  of  the  gas  bubble, 

(h)  the  thickness  of  the  llqviid  film,  (5)  the  radius  of  curvature  of  the 
separator,  (6)  the  drag  coefficient  of  the  gas  bubble,  (7)  the  assumed 
thermodynamic  path  taken  by  the  gas  in  the  bubble,  for  example,  Isothermal 
isentroplc,  etc.,  and  (8)  the  i^sical  properties  of  the  liquid  composing 
the  film,  and  the  gas  in  the  bubble. 

Figure  11(a)  is  a  photograph  of  the  type  of  separator  employed  for 
determining  the  effective  density  and  velocity  profiles  in  the  two-phase 
mixture  flowing  on  a  separator.  Pigwe  12  presents  the  effective  density 
as  a  function  of  the  distance  from  the  separator  surface,  and  Fig.  13 
presents  the  effective  velocity  as  a  function  of  the  distance  from  the 
separator  surface,  both  parameters  being  determined  at  the  entrance  to 
the  diffuser.  The  particular  separator  employed  in  the  e^gperifflents  had 
a  radius  of  curvature  of  0.7  in.  and  an  arc  length  of  30  deg.  Comparing 
Figs.  12  and  13  with  Fig.  10,  it  is  seen  that  both  the  effective  density 
profile  and  the  effective  velocity  profile  for  the  two-phase  flow  leaving 
the  separator  arepresent  a  continuation  of  the  sans  profiles  in  the  two- 
phase  flow  leaving  the  mixer.  The  densi^  profiles  in  the  flow  leaving 
the  separator  can  be  readily  extrapolated  to  a  value  of  the  density  at 


Fig.  12.  Eff«ctive  Otntity  of  tho  Film  at  a  Function  of  tho  Dittonce  from 
tho  Stporotor  Surfoco 


Fig.  13.  Effactive  Velocity  of  the  Film  oe  o  Function  of  the  Distonce  from  the 
Seporotor  Surtace 
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the  surface  of  the  separator,  namely  2.0  slugs/ft^,  which  Is  within  a 
few  per  cent  of  the  density  of  water,  the  liquid  used  in  the  experiments. 
Figure  12  shows  that  the  mean  density  increased  sli^tly  with  an  increase 
in  the  suction  liquid  flow  rate.  The  mean  density  of  the  two>idiase  flow 
did  not  vary  linearly  with  the  suction  liquid  flow  rate;  leaving  the 
separator  the  mean  density  was  approximately  one-half  the  density  of  water. 

The  separator  illustrated  in  Fig.  11(b)  had  a  radius  of  curvature  of 
1.0  in.  and  an  arc  length  of  16$  deg.  From  the  experiments  with  that 
sepeurator,  it  was  found  that  tl»  density  of  the  flow  captured  at  the  dif¬ 
fuser  (in  excess  of  95  pcr  cent  of  the  total  liquid  flow)  was  approxi¬ 
mately  eight -tenths  that  of  water.  More  complete  separation  was  hindered 
by  a  continuous  "thickening"  of  the  flow  as  it  curved  inward  toward  the 
diffuser. 

Substantially  complete  separation  of  the  entraizusd  drive  gas  from  the 
liquid  in  a  centrifugal  separator  of  the  type  discussed  herein  would  ap¬ 
pear  to  be  achievable  if  the  effective  thickness  of  the  flow  on  the 
separator  can  be  made  small  enough.  Complete  sepeuration  was  observed  in 
the  first  $  deg  of  a  centrifugal  separator  with  a  radius  of  curvature  of 
0.3  in.  where  the  initial  thickness  of  the  flow  was  approximately 
0.005  in.;  flows  of  that  thickness  would  be  encountered  in  small  Jet 
puiiq>s,  however,  and  correspond  to  a  drive  liquid  flow  rate  of  the  order 
of  1  lb  per  sec. 

(e)  The  Diffuser 

Qie  investigation  of  the  diffuser  was  directed  toward  determining 
the  performance  of  diffusers  with  single-phaise  flow  (water)  wd  with  two- 
phase  flow  (water  and  air);  the  inlet  velocities  were  varied  from  70  fps 


to  220  fps  (8).  Ihe  results  of  the  investigation  of  a  conical  divergii^ 
diffuser,  such  as  that  normally  employed  for  diffusixig  either  an  incom¬ 
pressible  or  subsonic  gas  flow,  Indicated  that  the  problem  of  diffusing  a 
two-^iase  flow,  such  as  that  leaving  the  separator  of  a  gas -driven  Jet 
pump,  is  significantly  different  and  more  complex  than  that  encountered  in 
diffusing  single  phase  flows  in  pipe-connected  systems. 

In  a  gas -driven  Jet  pump  the  fluid  to  be  diffused  is  a  two-idiase  flow 
which  enters  the  diffuser  as  a  free  Jet.  Because  of  the  mixing  and  separa¬ 
tion  processes,  there  are  large  radial  density  euid  velocity  gradients  in 
the  bubbly  mixture  entering  the  diffuser.  Furthermore,  if  the  bubbly 
mixture  is  treated  as  a  continuum,  for  exanqple  as  a  dense  gas  in  iso¬ 
thermal  flow  with  a  density  approximately  proportional  to  the  pressure, 
the  loced  acoustic  velocity  at  euiy  point  in  the  fluid  is  quite  low  as 
noted  earlier  (approximately  75  fps).  Consequently,  if  the  mixture  velo¬ 
city  is  approximately  3^  fps,  as  occurs  in  the  Jet  pump,  the  flow  has 
characteristics  simlleur  to  that  for  a  supersonic  flow  at  a  Mach  number  of 
approximately  overall  effect  of  the  foregoixig  factors  precludes 

the  utilization  of  the  conical  diverging  diffuser  coomonly  enqployed  for 
incompressible  and  subsonic  compressible  flows.  It  would  appear  that  the 
diffusion  of  a  two-phase  flow  requires  a  fom  of  diffuser  that  can  accom¬ 
modate  the  supersonic  characteristics  of  the  flow. 

nie  efficiencies  of  the  diffusers  employed  in  the  experimenteil  Jet 
pumps  varied  between  0.35  and  O.65.  Since  no  adequate  physical  or  analy¬ 
tical  description  of  the  diffusion  process  involving  a  two-iAiase  mixture 
of  a  gas  and  a  liquid  is  available,  it  is  not  possible  to  state  whether  or 
not  the  diffuser  efficiency  can  be  increased  to  acceptable  values,  that  is. 
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between  0.8  and  0.9.  No  dlacussion  of  the  problem  of  the  diffusion  of  a 
bubbly  mixture  was  found  in  the  literature.  A  fuller  understanding  of 
the  principal  factors  governing  the  diffusion  of  two*phase  mixtures  is  re¬ 
quired  if  satisfactory  values  of  diffuser  efficiency  are  to  be  achieved. 
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IV.  EXFERIMEmL  GAS-SRIVEN  JET  PUMPS 

Experiments  were  conducted  with  six  experimental  Jet  pumps.  Two 
principal  configurations  were  studied,  one  where  the  mixer  was  a  full 
right  circular  cone  and  the  diffuser  was  annular,  and  the  other  where  the 
mixer  was  the  internal  surface  of  the  base  end  of  a  rl^t  circular  cone, 
and  the  diffuser  was  conical.  The  first  four  experimental  Jet  pumps 
(designated  Models  A  through  D)  had  ncxainal  discharge  capacities  between 
0.5  lb/ sec  and  1.0  lb/ sec.  Ihe  experiments  conducted  with  Jet  pumps  A 
throuc^  D  were  of  an  e]q)loratory  nature,  tmd  the  results  obtained  from 
those  experiments  were  utilized  in  designing  two  larger  Jet  pumps,  the 
Model  E  and  Model  F. 

Figure  l4  presents  a  sectional  drawing  of  the  Model  E  Jet  pump,  nie 
effective  length  of  the  drive  nozzle  was  in*  measured  from  the  face 
of  the  injector  to  the  nozzle  exit.  At  a  mixture  ratio  of  10.0  per  cent, 
the  drive  liquid  flow  rate  was  8.7  Ib/sec.  Ihe  suction  liquid  was  injected 
Mito  the  mixer  from  the  hollow  core  of  the  drive  nozzle,  and  the  nominal 
suction  liquid  flow  rate  was  4.0  lb/ sec.  The  separator  was  constructed 
with  a  30  deg  sure  and  a  radius  of  curvature  of  1.4  in.,  and  the  annular 
diffuser  had  a  nominal  throat  thickness  of  0.0100  in.  with  a  0.012  in. 
inlet  approximately  0.002  in.  upstream  of  the  throat. 

From  the  experiments  with  the  Model  E  Jet  pump  it  was  evident  that 
the  operation  of  that  pump  was  deficient  in  three  respects;  (l)  the  dif¬ 
fuser  had  too  low  a  mass  recovery;  (2)  the  separation  of  the  entrsdned 
drive  gas  was  inadequate;  and  (3)  the  diffuser  had  too  low  an  efficiency 
(approximately  0.4^).  Ihe  major  defect  in  the  design  in  the  Model  E  Jet 
pump,  however,  was  the  separator.  Its  projected  frontal  area  was  too 
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Fi»  14.  CTOM-Saction  of  MoM  E 
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small  for  achieving  a  satisfactory  mass  recovery,  and  Its  length  of  arc 
vas  too  short  for  acccanplishlng  a  satisfactory  separation  of  the  drive  gas 
from  the  liquid. 

Figure  1^  is  a  sectional  dra%rlng  of  the  Model  F  Jet  pump.  The  effec¬ 
tive  length  of  the  drive  nozzle  vas  3*2^  in.  Ilbe  drive  liquid  flow  rate 
vaa  16.6  lb/ sec  at  a  mixture  ratio  of  7«0  per  cent,  and  the  suction  liquid 
was  injected  onto  the  mixer  through  an  annular  slot  located  close  to  the 
exit  of  the  drive  nozzle;  the  nominal  flow  rate  of  suction  liquid  was 
8.0  lb/ sec.  The  separator  had  an  ctrc  length  of  165  deg  with  a  radius  of 
curvature  of  0. 9  in.  In  one  experimental  version  the  reulius  of  curvature 
was  1.0  in.  and  the  first  30  deg  of  the  sepeirator  also  served  as  a  portion 
of  the  mixer.  Both  a  diverging  diffuser,  as  shown  in  Fig.  1$,  and  a 
converging-diverging  diffuser  were  employed  in  the  Model  F  Jet  pusqp. 

Table  1  presents  the  operating  characteristics  of  the  Model  E  Jet 
pump,  and  the  two  configurations  of  the  Model  F  Jet  pump.  Of  particular 
Interest  are  the  values  of  the  volunetric  air  entrainment,  the  maximum 
discharge  pressure,  and  the  mass  recovery  at  the  maximum  discharge  pres¬ 
sure  when  the  experimental  Jet  pumps  were  operating  at  their  noBd.nal  pump- 

t  e 

Ing  capacity  which  vas  M^/M^  >0.9* 

Ihe  experiments  showed  that  the  volumetric  air  entrainsient  of  the 
bubbly  mixture  entering  the  diffuser  of  the  Model  F-II  Jet  puoqp,  which  had 
a  165  deg  separator  arc,  was  less  than  one-half  of  that  for  the  Model  E 
Jet  pump;  the  latter  had  a  30  deg  sepetrator  arc. 

The  maximum  discharge  pressure  achieved  experimentally,  at  the 
nominal  suction  liquid  flow  rate,  was  4^0  psl  for  the  Model  F-I  and 
400  psl  for  the  Model  F-II  Jet  pumps,  respectively.  The  lover  value 


39 


FIG.  15  CROSS-SECTION  OF  MODEL  F  GAS-DRIVEN  JET  PUMP 
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obtained  with  the  Model  F-II  Jet  pump,  Is  attributed.  In  part,  to  the 
design  of  the  mixer  which  was  not  the  optimum  design  for  achieving  the 
maximum  nonentum  recovery.  Both  of  the  diffusers  employed  In  the  Model  F 
"stalled  out"  abruptly  with  a  sudden  decrease  In  mass  recovery  at  a  pres¬ 
sure  approximately  10  pel  to  20  psl  higher  than  the  maximum  discharge 
pressure  presented  In  Table  1.  The  afore-mentioned  stalling  Is  believed 
to  be  a  characteristic  associated  with  the  diffusion  of  the  supersonic 
two-phase  flow. 

A  satisfactory  mass  recovery  factor  (95^)  was  obtained  with  the 
Model  F-II  Jet  pump  at  the  ncmilnal  suction  liquid  flow  rate  and  the  maxi¬ 
mum  dlsoharge  pressure.  Ibe  low  mass  recovery  factors  obtained  for  the 
Model  E  and  Model  F-I  Jet  pumps  (less  than  55  per  cent  and  65  per  cent, 
respectively)  cure  attributed  to  the  Inadequacies  of  the  diffuser.  In 
both  Jet  pumps  the  diffusers  were  essentially  designs  that  are  applicable 
to  either  Incompressible  of  subsonic  flows.  They  caused  a  discontinuity 
to  form  In  the  two-phase  flow  as  It  approached  the  diffuser  entrance,  In 
a  manner  similar  to  a  compression  shock. 

The  experimental  v«ilues  of  the  momentum  recovery  factor  of  the  drive 
nozzle,  the  mixer,  and  the  sepetrator  were  sufficiently  large  to  Indicate 
that  a  practical  gas-driven  Jet  pump  is  possible  for  achieving  a  net  flow 
of  discharged  liquid  at  a  pressure  between  600  psl  and  650  psl  provided 
the  diffuser  efficiency  can  be  raised  to  approximately  0.8.  To  realize 
a  practical  Jet  pump,  either  more  accurate  knowledge  Is  needed  regarding 
the  diffusion  of  two-phase  mixtures,  or  a  more  satisfactory  method  must 
be  developed  for  separating  the  entrained  drive  gets  from  the  mixture 
entering  the  diffuser. 


V.  CONCLUSIONS  AND  RECOMMENDATIONS 
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The  conclusions  and  recommendations  presented  herein  are  based  pri¬ 
marily  on  the  analytical  and  experimental  results  obtained  from  the  in¬ 
vestigations  discussed  in  this  report.  The  conclusions  presented  apply 
to  the  feasibility  and  limitations  of  the  gas-driven  Jet  pueqp,  and  to  the 
components  of  such  a  Jet  pump.  More  details  regarding  the  technical  des¬ 
cription  of  the  Jet  pump  and  its  components  eure  presented  in  the 
references  (l)  (2)  (3)  (4)  (5)  (8). 

(a)  Conclusions  for  the  Gas- 
Driven  Jet  Pump  System 

1.  The  analytical  and  experimental  investigations  of  the  gas-driven  Jet 
pump  revealed  no  fundamental  thermodynamical  or  fluid  mechanical 
reason  which  would  preclude  the  pumping  of  a  net  flow  rate  of  a  liquid 
to  a  discharge  pressure  in  excess  of  the  nozzle  pressure. 

2.  The  results  of  the  analytical  investigation  indicated  that  values  of 
the  gas -consumption  between  5*0  per  cent  and  10.0  per  cent  should  be 
attainable  for  gas -driven  Jet  pumps  in  which  the  momentum  recovery 
factor  of  each  ccxnponent  is  approximately  0.9* 

3.  The  gas -driven  Jet  pump  does  not  appear  applicable  to  pumping  cryo¬ 
genic  propellants  or  propellants  with  uncommonly  hi{^  vapor  pressures 
because  the  high  vapor  pressures  cause  an  excessive  loss  of  propellant 
in  the  form  of  vapor. 

4.  The  operating  characteristics  of  a  gas -driven  Jet  pump  are  strongly 
Influenced  by  the  shape  and  mechanical  design  of  its  cosponents. 


(b)  ConcluBlona  for  the  Components 


of  a  Qas-Driven  Jet  Pump 

1.  Based  on  both  analytical*  and  experimental  results  the  velocity  re¬ 
covery  factor  of  the  drive  nozzle  appears  to  be  limited  to  a  value 
below  0.9  for  a  drive  nozzle  employing  an  injector  having  a  dif¬ 
ferential  pressure  of  Injection  which  is  compatible  with  the  system 
requirements . 

2.  Condensibility  of  the  drive  gas  in  the  drive  liquid  is  a  definite 
impediment  to  the  attainment  of  a  hig^  velocity  for  the  two-phase 
mixture  leaving  the  drive  nozzle. 

3.  It  is  possible  to  mix  the  drive  liquid  with  the  suction  liquid,  in  the 
mixer,  and  achieve  a  mcaienttBB  recovery  in  excess  of  90  per  cent. 

4.  Experiments  showed  that  the  volimie  of  the  entrained  drive  gas  in  the 
two-phase  mixture  entering  a  properly  designed  centrifugal  separator 
could  be  reduced  by  as  much  as  99  per  cent  in  flowing  through  that 
separator . 

A  diffuser  for  diffusing  two-phase  mixtures  is  needed  if  there  is 
incomplete  separation  of  the  entrained  drive  gats  in  the  mixture 
entering  the  diffuser. 

(c)  Recomstendations 

It  is  recommended  that  the  following  research  programs  be  initiated. 

1.  A  theoretical  and  experimental  investigation  for  determining  the 
variables  and  fluid  mechanical' processes  that  limit  the  velocity 
recovery  factor  of  a  two-dimensional  drive  nozzle. 

*  Personal  cooBunication  with  Dr.  D.  0.  Elliott,  Jet  Propulsion  Laboratory, 
NASA. 


2.  A  theoretical  and  experimental  inveatigation  of  the  process  of  the 
separation  of  entrained  gas  in  a  liquid  flowing  in  a  two-dimensional 
centrifugal  separator. 

3.  Theoretical  and  experimental  investigation  of the  process  of  the  dif¬ 
fusion  of  a  two-phase  mixture  of  a  liquid  and  a  gas  for  different 
amounts  of  gas  entrainment. 

4.  An  investigation  for  improving  the  instrimtentation  techniques  for 
measuring  the  pertinent  variables  of  two-phase  mixture  of  a  gas  and 
a  liquid. 
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